Modification of Ag/ZnO/graphene nanocomposite using tert-butyldimethylsilyl chloride (TBSCl) as a precursor of the silicon substrate to produce a highly active catalytic system under visible light for hydrogen photoproduction is created in this work. The catalytic activity of this photoresponsive nanocatalyst towards methylene blue dye degradation and hydrogen production are in detail described. The rate order of methylene blue dye photodegradation and hydrogen evolution under visible light irradiation of the samples is: Ag/ZnO/graphene-TBSCl > Ag/ZnO/graphene > Ag/ZnO > ZnO/graphene > ZnO. The hydrogen evolution rate of Ag/ZnO/graphene/TBSClhybrid is about 45 times, 6.6 times, 6.4 times and 2.5 times faster than that of pure ZnO nanoparticles, ZnO/graphene, Ag/ZnO and Ag/ZnO/graphene composite, respectively. By introducing Si to Ag/ZnO/graphene composites, an enhancement for photodecomposition and water splitting efficiency under visible light irradiation has been achieved. This is a new advance in the enhancement of photocatalytic activity of nanostructures and offer additional knowledge in the control of charge recombination.
INTRODUCTION
Nanostructured catalysts are recently becoming more popular strategy to provide heterogeneous catalysts with improved characteristics. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Graphene-supported noble metal nanoparticles have potential application in catalysis 2 as the use of Pd supported on graphene with molecular oxygen in oxidation of alcohols to carbonyl compounds that has been reported by Li et al. 3 Due to its broad band-gap energy, cost effective, physicochemical stability, easiness of availability and high oxidative capacity, ZnO based nanocomposites are characterized as the most promising and alternative photocatalysts in the last decades. [4] [5] [6] [7] Subsequently, ZnO based nanocomposites have been widely used in different potential applications Email: yasserniles@niles.edu.eg such as sensors, solar energy conversion devices and photocatalysts including the hydrogen photoproduction. [8] [9] [10] [11] Hybridization of ZnO nanoparticles with metallic particles, such as Au, Ag, and Pt could impede the recombination of excitons (electron-hole pairs) [12] [13] [14] and improve the separation of photoinduced electrons and holes effectively which enhance the photocatalytic activities. 15 Graphene that has unique two dimensional layer structure of sp 2 -hybridized carbon atoms, has zero band-gap energy with high electrical conductivty 16 and also is a strong absorber because of its black color, it absorbs at the whole sun spectrum. Because of its amazing properties beside its high specific surface area, graphene sheets can enhance the catalytic performance of photocatalysts like ZnO nanoparticles, where it can act as an efficient electron acceptor to reduce the photogenerated [18] [19] [20] [21] [22] [23] [24] Loading ZnO nanoparticles onto graphene sheets can avoid the aggregation of ZnO nanoparticles which can enhance surface area and reactive sites in photocatalytic degradation process. 15 ZnO/graphene can also be easily separated from water and then it can be used frequently.
Loading noble metal like Ag and ZnO nanoparticles onto graphene sheets and their photocatalytic activities have been reported. 24 Here due to impotance of the photocatalytic activity enhancement of the nanostructures, 25 26 this work reports on the application of Ag/ZnO/graphene nanocomposite mixed with tertbutyldimethylsilyl chloride (TBSCl) to enhance the photocatalytic performance. Tert-butyldimethylsilyl (TBS) ether has been widely used in selective oxidation processes in combination with Bi(OTf) 3 27 and with CrO 3 28 Furthermore, Chen et al. investigated the adsorption and dissociation of O 2 molecule on pristine and silicondoped graphene. 29 In more recent study, it has been reported that graphene-silicon interactions exhibited much longer interaction than those normally associated with Wan der Waals forces. 30 Also, Podbršček et al. has been reported the growth behavior of ZnO in the presence of different concentrations of silicon 31 and Keller et al. observed that photocatalytic oxidation of methylethylketone was increased by coupling TiO 2 with Si 32 that enhance effectively the rate of photogenerated electrons transfe. Pietruszka et al. found recently an enhancement for the electrical and photovoltaic properties of ZnO/Si heterostructures after grown ZnO by atomic layer deposition method on a cheap silicon substrate. 33 Based on these studies, new Ag/ZnO/graphene-TBSCl hybrid nanocomposite has been developed by combining Si with Ag/ZnO/graphene composite as a new catalytic system for photodegradation of dyes and photocatalytic hydrogen production applications.
EXPERIMENTAL DETAILS
Graphene oxide (GO) was prepared through the Hummer's method with slight modifications. 34 In a typical procedure, 150 ml of H 2 SO 4 was added into a flask containing 6 g graphite in ice bath under stirring. After that, 18 g potassium permanganate (KMnO 4 ) was added slowly to the above mixture, and the ice bath was removed after several minutes. The color of the solution turned to dark green while keep stirring for 2 h at 35 C. Then, 300 ml water was added slowly to the reaction mixture and the conical flask was bathed in boiling water, the reaction mixture was kept at this temperature for another 30 min. After that, the flask was cooled in an ice bath, and 1 L distilled water was added to stop the reaction. 20 ml H 2 O 2 (30%) was added to reduce the residual permanganate to soluble manganese ions. Eventually, the precipitation was centrifuged and washed with 1 M HCl and distilled water for several times, and then was vacuum dried at 60 C for 24 h. ZnO nanoparticles were prepared by adding 50 ml NaOH solution (4 M) into 50 ml of 0.2 M ZnSO 4 solution at an approximate rate of 5 mL/min under vigorous stirring and the stirring was continued for 12 h. Then, the precipitate obtained was filtered and washed thoroughly with deionized water. The precipitate was dried in an oven at 100 C and ground to fine powder using agate mortar.
14 The obtained powder was calcined at 500 C for 2 h. 24 31 35 ZnO-graphene composite was prepared. Briefly, purified GO With weight percent (0.1 wt%) was dissolved in 80 ml of ethylene glycol (EG) by ultrasonic treatment for 2 h under ambient condition to give a brown Dispersion. This was followed by addition of 80 mg of zinc sulfate dissolved in 80 ml of EG and stirring to the obtained a brown dispersion. Subsequently, 20 mg of NaOH dissolved in 20 ml of deionized Water was added to the mixture followed by stirring for 1 h to obtain a homogeneous suspension. The suspension was heated at 160 C to achieve the reduction of GO and the deposition of ZnO. Finally, the resultant composite was washed with absolute ethanol and deionized water four times and dried in an oven at 70 C.
Ag/ZnO nanocomposites are prepared by mixing 0.25 g of AgNO 3 (applichem) with 250 ml of ZnO NPs under 5 min of vigorous stirring. Next, 1 mM of NaBH 4 (Merk) solution was added drop wisely to the previous solution. The sample was repeatedly centrifuged, washed with Water to remove unreacted AgNO 3 and then dried at 80 C.
To prepare Ag-ZnO-graphene composite, 0.05 g GO dissolved in 40 ml of ethylene glycol (EG) and sonicated for 2 h to give a brown dispersion. To this solution, 0.04 g of zinc sulfate and 0.25 g Silver nitrate dissolved in 40 ml of EG were added under vigorous stirring and the stirring was continued for 2 h and stirring. Subsequently, 0.025 M NaOH was added to the mixture drop wise followed by stirring for 1 h, Then treat at 160 C to achieve the reduction of GO and the deposition of ZnO, then wash with ethanol and deionized water 5 times. Finally, the resultant composite was dried at 70 C in vacuum for 24 h. 40 mg of the obtained composite mixed with 10 mg of TBSCl dissolved in methanol for degradation of methylene blue dye.
5 mg of the prepared samples was put into quartz flask containing 50 ml mixture of ethanol/water. The mixture was bubbled with Ar gas for 90 minutes to remove oxygen gas after dispersed the mixture in an ultrasonic bath for 30 minutes. Then the mixture was irradiated to visible light source (Halogen lamp, Italy) for 4 hours under magnetic stirring and the gas sampling was quantitative measured using gas chromatography (column packing: Molecular Sieve (MS 5 Å), Ar-carrier gas, TCD-detector, Japan) at different irradiation time through a locking-type syringe. 
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The test was repeated for the recycled Ag/ZnO/ graphene-Si samples by centrifuging at 2000 rpm for 10 min and removing the supernatants with adding a fresh mixture of ethanol/water to the sediments.
RESULTS AND DISCUSSION

Electron Microscopy
Through the synthesis process, reduction of graphene oxide, loading of Ag nanoparticles and ZnO nanoparticles on graphene sheets were achieved to form the visible photoresponsive Ag/ZnO/Graphene nanocomposites for the photodegradation of organic dyes and photoproduction of hydrogen. The TEM and SEM images of the obtained products are depicted in Figure 1 . The TEM image shows the as-prepared ZnO NPs has a uniform diameter of ∼86.4 ± 1.8 nm ( Fig. 1(a) ). The TEM image of GO indicates the product has two-dimensional sheets structure ( Fig. 1(b) ). As shown in Figure 1 (c), Ag/ZnO composites are formed and the loading of ZnO on graphene sheets are shown in Figure 1(d) . ZnO/Ag NPs dispersed homogeneously and anchored on the graphene sheets as shown in TEM image ( Fig. 1(e) ), which could be further confirmed by the corresponding SEM image of the composite ( Fig. 1(f) process, the ZnO/Ag NPs were homogeneously formed on the graphene sheets and free from aggregation. Ag/ZnO/G composites after introducing Si from TBSCl has similar SEM images as shown in Figures 1(g and h) . The chemical composition of ZnO/Ag/graphene was analyzed by an energy dispersive spectrometer (EDS) spectrum on an SEM ( Fig. 1(i) ). The result shows the peaks of C, O, Zn and Ag, confirming the sample is of high purity.
XRD Analysis
The prepared Ag/ZnO/Graphene nanocomposites have XRD pattern very similar with that reported by Ahmed et al. 24 as shown in Figure 2 . The diffraction peaks located at 38.23, 44.43, and 64.59 2 corresponding to the loading of Ag 0 particles on the ZnO surface. It is known that diffraction peaks in the XRD pattern of graphene is hardly detected which indicates that the presence of Ag and ZnO nanoparticles between the adjacent graphene sheets caused the disorder of layer spacing. 24 
Optical Spectra
The absorbance spectra of the prepared samples are shown in Figure 3 . ZnO nanoparticles show maximum absorbance at 299 nm that shifted to longer wavelength with the loading on graphene sheets to 348 nm and with the addition of Ag nanoparticles shifted to 307 nm in addition to the plasmonic band of silver nantoparticles that appears at 398 nm. In Ag/ZnO/graphene, two peaks are shown at 318 and 402 nm corresponding to ZnO and Ag nanoparticles respectively. By introducing Si from TBSCl to Ag/ZnO/graphene, these peaks are shifted with broadening to 349 and 437 nm respectively.
Photocatalytic Degradation of Methylene Blue Dye
The photocatalytic performance of the samples (ZnO, Ag/ZnO/graphene and Ag/ZnO/graphene-TBSCl) was monitored by degradation of methylene blue dye (MB) in aqueous solution under visible irradiation. In a typical process, 50 mg of the prepared samples were mixed with 50 ml of 10 M methylene blue (MB) solution in cylindrical quartz vessels. Then, this suspension was irradiated with a halogen lamp for photodegradation under stirring. The photodegradation was followed by measuring UV-Visible absorption spectra at different irradiation times. The results are recorded in Figure 4 .
MB dye is photodegraded within 360 min in the presence of ZnO NPs, 240 min with ZnO/graphene and within 180 min with Ag/ZnO/graphene photocatalyst under visible light as shown in became highly effective after mixing Ag/ZnO/graphene with TBSCl as a source of silicon. The enhanced photocatalytic performance suggests that the composite (Ag/ZnO/graphene-TBSCl) can be served as highly efficient photocatalyst for degradation of organics in aquatic environmental.
The mechanism of photodegradation of MB by Ag/ZnO/graphene under UV and visible light has been proposed. 12 15 36 37 Under visible-light irradiation, the mechanism is based on the generation of photoinduced electron-hole pairs due to excitation of ZnO to light irradiation. 24 Visible light is unable to produce electronhole pairs in ZnO but the visible excitation can be occurred due to the efficient charge transfer from ZnO to both Ag and rGO, holes are restrained from recombining with the electrons and thus take part in the reaction as stated in Eq. (5) by Sarkar et al., 35 enhancing the photocatalytic reaction. Photochemical reactions with the organic dye take place when photogenerated charges move to the particle surface.
However, in Ag/ZnO/graphene-TBSCl composites, electron-hole pairs due to excitation of ZnO by visible light with narrow band gap of Ag/ZnO (3.25 eV to 3.03 eV). 24 These electrons can be transferred to graphene, Ag nanoparticles, Si in TBSCl and also to the model organic dye. Finally, the photogenerated electrons react with dissolved O 2 producing oxygen peroxide radicals. The hole can react with the hydroxide ion from water to form hydroxyl radicals. These radicals generated from Ag/ZnO/graphene-TBSCl composite can cause the oxidative decomposition of dyes like MB. 38 Also, when we started with graphene oxide and produced reduced GO, there is still some of -OH and -COOH groups in the graphene; in particular, more in the edges. This can be an explanation why rGO is water soluble. So, Cl − can be easily removed from TBSCl by these -OH groups forming C-O-Si bonds that can be appeared in FT-IR in Figure 5 . The -OH group that appeared in the FT-IR spectrum of Ag/ZnO/G at 3345 cm −1 , this band disappeared in Ag/ZnO/graphene-TBSCl and another band observed at 1131 cm −1 corresponding to -Si-O-C-bond. Moreover, it is reported that TBSCl is common protecting reagent for acids and alcohols. 39 This protecting ability seems to make more hydrophobic the rGO sheets due to the alkyl chains but maybe it favors the adsorption of aromatic molecules on the rGO sheets, explaining the increased efficiency. So, the presence of silicon increase the photogeneration of electrons and holes enhancing the catalytic performance of Ag/ZnO/graphene-TBSCl hybrid nanocatalyst.
In order to trap the photogenerated holes in the photocatalytic system, agents such as methanol 40 41 are often added frequently thus improving the photocatalytic oxidation activity. Hence, the effect of adding TBSCl activates Ag/ZnO/graphene nanocomposite to promote the spilling of oxygen over the surface of the catalyst under visible light due the formation of Ag/ZnO/grapheneTBSCl hybrid catalyst.
Hydrogen Production with
Ag/ZnO/Graphene-TBSCl Nanocatalyst Nanostructure catalysts are considered as efficient and low cost materials to photoproduce catalytic hydrogen from water spilliting. ZnO nanostructures have been extensively investigated due to its band-gap energy, physicochemical stability and redox potential of ZnO [4] [5] [6] [7] are suitable for photocatalytic water splitting. 9 10 However, ZnO nanostructures have limitations in the photocatalytic hydrogen production like its wide band-gap, low absorption eficiency of visible light and rapid recombination of electron-hole pairs. 9 Many approaches have been developed to solve these drawbacks, such as doping with metals, 42 coupling with other narrow band-gap semiconductors, 43 and combining with carbon materials (carbon nanofiber and graphene). [44] [45] [46] The activities of hydrogen production of the synthesized samples (ZnO, Ag/ZnO, ZnO/graphene, Ag/ZnO/graphene and Ag/ZnO/graphene-TBSCl) were investigated as shown in Figure 6 (a) respectively. The hydrogen evolution rate of ZnO nanoparticles is about 0.069 mmol g −1 h −1 . The low hydrogen generation rate of ZnO can be attributed to its drawbacks The hydrogen production activity was greatly enhanced when ZnO nanoparticles were deposited on graphene sheets. Around 0.47 mmol g −1 h −1 of hydrogen can be generated by ZnO/graphene composite, which is 6.8 times higher than that of ZnO nanoparticles solo. This is because the graphene sheets are excellent electron acceptors which facilitate the electron transfer and charge separation. 47 With Ag/ZnO composites, 0.49 mmol g −1 h −1 of hydrogen evaluation produced that is 7.1 times higher than ZnO NPs due to the charge separation. Similarlly, Ag/ZnO/graphene showed an enhancement in hydrogen production with rate 1.26 mmol g −1 h −1 , which is 2.6 times than ZnO/graphene nanocomposites and 17.8 times higher than ZnO nanoparicles solo. This is because the loading of Ag nanoparticles on the surface of ZnO can trap the electrons that photogerated from ZnO beside the increase of charge separation rate due to graphene sheets. 47 48 This will decrease the charge recombination rate and enhance the photocatalytic activity. Remarkably, Ag/ZnO/graphene-TBSCl hybrid nanocomposite achieves significantly enhanced hydrogen production performance and 3.12 mmol g −1 h −1 of hydrogen is produced. All these results have lower values than that reported by Gao et al. 49 which showing hydrogen evalution for ZnO nanorods, Ag/ZnO, ZnO/sulfonatedgraphene, Ag/ZnO/sulfonated-graphene were 0.12, 0.78, 0.95 and 2.36 mmol g −1 h −1 . However, the presence of Si in Ag/ZnO/graphene-Si composites enhance the hydrogen evulation (3.12 mmol g −1 h −1 ) than that reported by Gao et al. 49 The hydrogen evolution rate of Ag/ZnO/graphene-Si is about 45 times, 6.6 times, 6.4 times and 2.5 times faster than that of pure ZnO nanoparticles, ZnO/graphene, Ag/ZnO and Ag/ZnO/graphene nanocomposites, respectively. These results indicate that graphene sheets, TBSCl as source of Si and Ag nanoparticles have the great enhancement on the hydrogen production activity of ZnO nanoparticles. In Figure 6 (b), Ag/ZnO/graphene-TBSCl composite shows high stability for hydrogen production after 3 cycling runs.
The presence of graphene sheets and Ag nanoparticles that have surface plasmon resonance band in the visible region in a composite with ZnO particles increase the light absorption of ZnO particles in the whole wavelength range (300-900 nm). 45 49-51 After absorption of the composite to visible light, the photogenerated electrons from ZnO nanoparticles will be transferred to Ag nanoparticles directly or to graphene sheets then Ag nanoparticles. Then, the electrons will react with protons (H + ) to produce hydrogen. The presence of Si can enhance effictivly the rate of photogenerated electrons transfer which contributes to the excellent hydrogen production performance of Ag/ZnO/graphene-TBSCl composite.
The contrasting catalytic behaviors afforded by the Ag/ZnO/graphene nanocomposite catalyst with TBSCl could be represented in Figure 7 .
CONCLUSION
This study reported an experimental investigation of a new type of hybrid nanocomposite catalyst for hydrogen photoproduction and dye photodegradation under visible light. By introducing Si to Ag/ZnO/graphene composites, an enhancement for photodecomposition and water splitting efficiency has been achieved. This is a new advance in the enhancement of photocatalytic activity of nanostructures and offer additional knowledge in the control of charge recombination. The order of hydrogen photoproduction and dye-photodegradation is Ag/ZnO/grapheneTBSCl > Ag/ZnO/G > Ag/ZnO > ZnO/G > ZnO. The presented nanocatalyst can be used in environmental applications like water purification and renewable energy like hydrogen fuel cells.
